INTRODUCTION
Lateral root formation is a postembryonic process (Dubrovsky et al., 2001 ) that starts with the priming of pericycle cells in the basal meristem of the parental root (De Smet et al., 2007) . Upon activation by auxin, pericycle founder cells undergo a precisely coordinated sequence of divisions that gives rise to the lateral root primordium (Dubrovsky et al., 2001) . Once established, the primordium can further develop and a lateral root can eventually emerge from the parental root. The plant hormone auxin appears to be a central player in the regulation of many developmental steps required for lateral root formation (Casimiro et al., 2001; Fukaki et al., 2007; Pé ret et al., 2009) . As a consequence of such a key role, many mutants defective in auxin transport and signaling show defects in lateral root development (Fukaki et al., 2002; Marchant et al., 2002; Geldner et al., 2004; Okushima et al., 2007; Wu et al., 2007) . All developmental steps are genetically programmed and some are highly responsive to environmental cues.
Among the most critical environmental factors, nutrient availability can profoundly shape root architecture (Ló pez-Bucio et al., 2003; Hodge, 2006) . Mild nitrogen (N), sulfur (S), or phosphorus (P) deficiency usually extends the root system and increases the root-to-shoot ratios (Marschner, 1995; Ló pez-Bucio et al., 2003) , whereas a local supply of nitrate or phosphate to otherwise N-or P-deficient plants stimulates lateral root development (Drew, 1975; Zhang et al., 1999; Linkohr et al., 2002) . Furthermore, a localized supply of nitrate or phosphate promotes lateral root elongation in Arabidopsis thaliana, whereas only local nitrate supply additionally increases lateral root density (Zhang et al., 1999; Linkohr et al., 2002) . Thus, lateral root formation is affected by nutrients at different developmental stages (e.g., initiation versus elongation) and in a nutrient-specific manner. In the case of N, it has been shown that ammonium and nitrate have complementary effects on lateral root architecture, with ammonium mainly enhancing initiation and nitrate the elongation of lateral roots. In particular for ammonium, experimental evidence has been provided that lateral root initiation was not caused by a nutritional but rather by a sensing event (Lima et al., 2010) . This promotes the concept that adaptations of primary or lateral root development to nontoxic nutrient supplies can be seen as a morphological readout for nutrient sensing. However, apart from N and P responses, our understanding of nutrient-dependent modulations of lateral root development and their interaction with hormonal signals remains poor.
As lateral root growth shortens diffusion pathways of nutrients in the soil solution to the root surface, we hypothesized that profound changes in lateral root architecture should be expected for those nutrients that are sparingly soluble. In particular, the solubility of the micronutrient iron (Fe) is very low in well-aerated and alkaline soils but may locally increase (e.g., under reducing conditions in soil microsites) (Marschner, 1995) . Since the distribution of organic matter and microbial activity and air-or water-conducting pores often occurs unevenly in soils, Fe availability varies locally and changes in a gradual or patchy pattern within the root zone (Hinsinger et al., 2005) . Reports of morphological changes of the root system in response to varying Fe availabilities mostly refer back to earlier work and describe exclusively adaptations to Fe deficiency (Rö mheld and Marschner, 1981; Landsberg, 1986) . Fe deficiency also induces the ectopic formation of root hairs (Schmidt et al., 2000) by modulating the length, position, and abundance of root hairs (Perry et al., 2007) . Moreover, low Fe availability frequently leads to the formation of branched root hairs (Mü ller and Schmidt, 2004 ) through a signaling cascade that probably involves auxin and ethylene (Schmidt et al., 2000; Schmidt and Schikora, 2001) . In contrast with morphological responses, physiological adaptations to low Fe availabilities have been extensively described, with a plasma membrane-localized H + -ATPase, the membrane-bound ferric Fe(III) reductase FRO2, and the divalent metal cation transporter IRON-REGULATED TRANSPORTER1 (IRT1) being major components of an Fe deficiency-inducible strategy for enhanced Fe acquisition in Arabidopsis (Giehl et al., 2009 Bauer et al., 2007) . FIT, in turn, is also upregulated in response to Fe deficiency, suggesting that the Fe-sensing event acts upstream of this transcription factor (Colangelo and Guerinot, 2004; Jakoby et al., 2004) . Resupply of Fe to Fe-starved plants induces IRT1 and FRO2 expression within 24 h, showing that Fe acts in the short term as an inducer of both genes (Vert et al., 2003) . When plants were grown in a split-root setup, the expression of IRT1 and FRO2 was enhanced in the Fe-supplied but not in the Fe-deficient root parts, indicating that these components of Fe acquisition were subject to both a systemic and a local regulation (Vert et al., 2003) . The relationship between these physiological and morphological adaptations of the root system to varying Fe availabilities is unclear.
To better understand the responses of the root system to varying Fe availabilities, we investigated changes in lateral root architecture in response to localized Fe supply in wild-type and mutant plants defective in Fe acquisition or translocation. Also considering Fe delivery from shoots, we identified that lateral root elongation is highly responsive to local Fe and that the symplastic Fe pool in lateral roots favors local auxin accumulation. We further identified the auxin transporter AUX1 as a major Fe-sensitive component in the auxin signaling pathway that mainly directs the rootward auxin stream into lateral roots that have access to Fe. Figures 1D and 1E online). This observation showed that lateral root architecture in particular depends on the Fe nutritional status of the plant or on the external availability of Fe.
RESULTS

Localized
In an effort to monitor lateral root responses to local Fe availabilities, plants were grown on segmented agar plates (SAPs; Zhang and Forde, 1998) , to which increasing concentrations of Fe(III)-EDTA were supplied either to all three segments (homogeneous supply) or only to the middle segment (localized supply). When plants were grown in a wide range of Fe concentrations, localized Fe supply significantly increased average lateral root length in the middle compartment in an optimum dose-response curve with a maximum at 50 mM Fe (see Supplemental Figure 2A online) . By contrast, lateral root density did Figures  1D and 1H ). Lateral root density in the middle segment was also stimulated by increasing localized Fe supply from 10 to 50 mM, but in contrast with lateral root length, it was not negatively affected in the presence of 200 mM Fe ( Figure 1E ). Lateral root length and density as well as chlorophyll concentrations showed no significant changes when Fe(III) was chelated by N,N-di-(2-hydroxybenzoyl)-ethylenediamine-N,N-diacetic acid instead of EDTA (data not shown), two chelating agents with distinct affinities for Fe and other metal micronutrients (Chaney, 1988) . Therefore, the observed changes in root architecture were not due to an indirect effect of the Fe(III)-chelating agent and/or interactions of the chelator with other micronutrients. Taken together, these data indicated that the average lateral root length responded with more sensitivity to changes in localized Fe supply than did lateral root density or number.
Influence of the Mode of Fe Supply on the Nutritional Status of the Shoot
To address the question of whether enhanced lateral root elongation in the Fe-treated segment confers an advantage to plants growing under low Fe availabilities, we determined the chlorophyll concentration as a measure of the Fe nutritional status of the shoot (Morales et al., 1990) . Chlorophyll levels reached maximum values at 50 mM Fe under either mode of Fe supply (see Supplemental Figure 2C online), indicating that an enhanced elongation of lateral roots into the Fe-containing patch enabled the plants to meet the Fe demand of their shoots even if Fe supply is spatially restricted. Moreover, the mode of Fe delivery did not significantly affect the shoot concentrations of Fe or other nutrients, since mineral element concentrations that were altered with increasing Fe supply showed similar changes under homogeneous and localized Fe treatment (Table 1) . Thus, the shoot nutrient profile indicated that the morphological changes observed in the roots were not due to an undesirable effect of the mode of Fe supply on the accumulation of other essential macro-or microelements.
To verify the importance of lateral root development on Fe acquisition under local Fe supply, we employed the arf7 arf19 double mutant that is severely impaired in lateral development . At 50 mM localized Fe supply, wild-type plants showed maximum lateral root elongation (see Supplemental Figure 2B online) and healthy growth with green leaves (Figures  2A and 2B ). By contrast, young leaves of arf7 arf19 plants turned chlorotic, indicative of an inadequate Fe nutritional status, and accumulated less chlorophyll (Figures 2A and 2B ). Leaf chlorosis was not observed in arf7 arf19 plants grown under a homogeneous supply of 50 mM Fe. This observation supported the view that the ability of roots to laterally explore Fe-enriched nutrient patches can be crucial for meeting the Fe demand of the shoot. (A) and (B) Wild-type (Col-0) and arf7 arf19 seeds were germinated on Fe-free, half-strength MS medium for 7 d. Seedlings were then transferred to segmented agar plates supplied with 75 mM ferrozine and with 50 mM Fe-EDTA in all three segments (homogeneous) or only in the middle segment (localized). (A) Photographs were taken after 15 d of treatments, and representative plants are shown. (B) Chlorophyll concentrations of whole shoots of wild-type and arf7 arf19 plants grown under homogeneous or localized supply of 50 mM Fe. Bars represent means 6 SE; n = 6 plates containing three plants. Asterisk denotes a significant difference according to Student's t test (P < 0.05). FW, fresh weight; ns, not significant.
Influence of FIT and IRT1 on Lateral Root Development under Localized Fe Supply
In Arabidopsis, many of the physiological Fe stress responses in roots are regulated by the transcription factor FIT (Colangelo and Guerinot, 2004; Jakoby et al., 2004) . Interestingly, the tomato (Solanum lycopersicum) ortholog of FIT, Le FER, has been shown to additionally affect root hair formation (Ling et al., 2002) . Thus, we assessed the involvement of this Fe-regulated transcription factor in root architectural changes in response to localized Fe supply. In fit mutant plants, the lateral root density was significantly lower than in wild-type plants at concentrations of up to 50 mM of localized Fe supply and achieved a similar number only at 200 mM Fe, while lateral root length in fit plants was significantly reduced over the whole range of locally supplied Fe concentrations ( Figures 3A and 3B ). To investigate whether FIT Density (A) and average length (B) of lateral roots in wild-type (Col-0) and irt1 mutant plants as affected by the Fe concentration supplied to the middle segment. Wild-type and irt1 seeds were germinated on Fe-free, half-strength MS medium for 7 d. Seedlings were then transferred to segmented agar plates supplied with Fe in the middle segment at the indicated concentrations. After 15 d, the number and average length of visible lateral roots (>0.5 mm) in the middle segment were determined by image analysis. Shoot chlorophyll concentrations were determined after 15 d of growth (C). Bars represent means 6 SE; n = 7 replicates consisting of three plants. Different letters indicate significant differences among means (P < 0.05 by Tukey's test). Lateral root density (A) and average lateral root length (B) in wild-type (Col-0), Pro35S:FIT, and fit mutant plants as affected by the Fe concentration supplied to the middle segment. Seeds were germinated on Fefree, half-strength MS medium for 7 d. Then, seedlings were transferred to segmented agar plates supplied with Fe in the middle segment at the indicated concentrations. After 15 d, the number of visible lateral roots (>0.5 mm) and mean lateral root length in the middle segment were determined by image analysis. Bars indicate means 6 SE, n = 7 to 12 plates with three plants per plate. Different letters indicate significant differences among means (P < 0.05 by Tukey's test).
overexpression can provoke an altered morphological response, Pro35S:FIT plants were tested for lateral root formation under local Fe supply. However, the constitutive expression of FIT did not significantly affect root architecture, either with respect to the number or the length of lateral roots (Figures 3A and 3B) .
As fit plants suffer from impaired Fe uptake due to lower IRT1 and FRO2 expression (Colangelo and Guerinot, 2004) , the failure of fit plants to increase lateral root length may reflect a role for IRT1/FRO2-dependent Fe acquisition in increasing lateral root length under localized Fe supply. We therefore investigated whether the Fe transporter IRT1 was involved in the differential regulation of number and length of lateral roots under localized Fe supply. Whereas wild-type plants achieved their maximum number of lateral roots at 50 mM Fe, irt1 plants developed few lateral roots below 200 mM Fe supply and achieved a similar number as wild-type plants only when 600 mM Fe was added to the middle segment ( Figure 4A ). By contrast, lateral root length in irt1 mutant plants could not be restored to wild-type levels, even if Fe concentrations as high as 600 mM were supplied ( Figure 4B ). As a consequence, irt1 shoots were chlorotic, with chlorophyll concentrations remaining below wild-type levels ( Figure 4C ), supporting the requirement for IRT1 in the lateral root response to local Fe availabilities. 
Influence of Shoot-Derived Signals on Fe-Dependent Lateral Root Development
We then tested whether shoot Fe is able to influence lateral root development by growing irt1 and wild-type plants under localized Fe supply with a fourth separated agar segment that harbored the shoot and was supplemented with 100 mM Fe(III)-citrate ( Figure 5A ). In fact, shoot application of Fe(III)-citrate efficiently alleviated chlorosis and improved growth in wild-type and irt1 plants ( Figures 5B and 5C ). While shoot Fe supply slightly enhanced lateral root density and length in the wild type, it completely restored lateral root development to wild-type levels in irt1 (Figures 5D and 5E ). Shoot Fe supply now allowed irt1 plants to respond to further increasing Fe concentrations to the middle root segment in the same manner as wild-type plants ( Figure 5E ). Hence, Fe supply to the shoots could compensate for IRT1-depended Fe uptake by roots.
Lateral root elongation was then monitored in all three root compartments to further specify the influence of shoot-derived Fe. In fact, Fe supply to the shoots increased average lateral root length in the upper Fe-free segment to a greater extent than in the middle segment of plants supplied by 10 mM Fe (see Supplemental Figures 3A and 3B online) . Moreover, when shoots obtained Fe-citrate, Perl's staining of root Fe(III) was stronger than in roots without shoot Fe supply, especially in the upper and middle root segments (see Supplemental Figure 3D online). These observations were indicative of Fe being translocated from the shoots and contributing to the locally absorbed Fe. We conclude that lateral root elongation is subject to local regulation by the Fe concentration of the root tissue rather than by the concentration of externally supplied Fe.
To address the involvement of a shoot-derived signal in lateral root development by an independent approach, we used the ferric reductase defective3 (frd3-1) mutant and its allelic mutant manganese accumulator1 (man1-1; also known as frd3-3). Both mutants show a constitutive upregulation of the Fe acquisition machinery in roots, despite accumulating more Fe in the root than wild-type plants, which also held true under our growth conditions (see Supplemental Figure 4 and Supplemental References 1 online; Delhaize, 1996; Rogers and Guerinot, 2002; Green and Rogers, 2004) . Lateral root development in wild-type and frd3-1 plants was similar at any tested concentration of localized Fe supply ( Figures 6A and 6B ). Only at 1 mM Fe supply did frd3-1 mutant plants develop approximately two lateral roots more in their Fe-treated root segments than did the corresponding wild type ( Figure 6A ), while lateral root length followed the same concentration-dependent pattern in both lines ( Figure 6B) . Thus, the differential response between number and length of lateral roots, as was observed in wild-type plants, remained conserved despite the loss of FRD3. A similar growth response was observed in man1-1 (frd3-3) mutant plants (see Supplemental Figure 5 online). These observations gained importance when taking into account the chlorophyll levels, which reflected a significantly lower Fe nutritional status in the frd3-1 mutant than in wild-type plants at >10 mM Fe supply ( Figure 6C ). Considering that Fe-deficient plants have been proposed to release a shoot signal that upregulates Fe acquisition mechanisms in roots (Grusak and Pezeshgi, 1996; Vert et al., 2003) and that elevated Lateral root density (A), lateral root length (B), and chlorophyll concentration (C) in the shoots of wild-type (Col-gl) and frd3-1 mutant plants. Seeds were germinated on Fe-deficient, half-strength MS medium for 7 d before transfer to segmented agar plates locally supplied with Fe(III)-EDTA only to the middle segment. Plant roots were scanned and the chlorophyll concentration determined after 15 d on Fe treatments. Bars represent means 6 SE; n = 7 to 12 plates with three seedlings per plate. Different letters indicate significant differences among means (P < 0.05 by Tukey's test). FW, fresh weight.
IRT1 mRNA levels in frd3-1 roots confirmed a more severe Fedeficient status (see Supplemental Figure 4A online), lateral root length at $25 mM Fe was expected to be derepressed in frd3-1 mutants if this Fe deficiency signal from the shoot also regulates lateral root development. However, regarding the unaffected lateral root response in chlorotic frd3-1 mutant plants (Figures 6A and 6B) , evidence for the stimulation of Fe-triggered lateral root elongation by a shoot-borne Fe deficiency signal was not obtained.
We then addressed the question of whether the increased elongation of lateral roots exposed to Fe is subject to Fedependent regulation by other parts of the root system. Relative to localized Fe supply, expression levels of IRT1 in homogenously supplied roots from the middle segment remained lower (see Supplemental Figure 6 online), suggesting that a Fe satiety signal contributed to the downregulation of IRT1. In addition, the application of 50 mM Fe to root tips in the lower, Fe-free compartment was found to suppress lateral root elongation in the middle compartment (see Supplemental Figures 7A and 7B online). Taken together, these results indicate that Fe-stimulated lateral root elongation was independent of a FRD3-triggered Fe deficiency signal from the shoot but responded to Fe delivery from other parts of the root.
Effect of Localized Fe Supply on the Development of Lateral Roots
As localized Fe primarily affected the elongation of lateral roots (Figure 1) , we assessed how lateral root primordia progressed during their development using transgenic ProCYCB1;1: b-glucuronidase (GUS) reporter lines (Ferreira et al., 1994) , which allow the tracking of lateral root primordia before their emergence. We then exposed the primary root tip of Fe-deficient ProCYCB1;1:GUS seedlings to localized Fe supply and determined the developmental stages of preemerged lateral root initials after 3 and 6 d, according to the classification described by Malamy and Benfey (1997) . At a homogeneous supply of 10 mM Fe (i.e., nonpromoting conditions for lateral root development), the number of emerged lateral roots started off at a rather high level (Table 2) , probably due to higher tissue Fe concentrations relative to roots grown under a localized supply of 10 mM Fe. By contrast, at a 50 or 200 mM localized Fe supply, the number of emerged lateral roots increased by more than threefold compared with ;1.5-fold under a homogeneous supply.
From a developmental perspective, the rate of emergence of initiated lateral roots was increased by 56 or 40% under a localized supply compared with homogeneous Fe supply of 50 or 200 mM, respectively (Table 2 ). These observations suggested that the local presence of Fe has a lower impact on the priming and initiation of lateral roots but stimulates the emergence and subsequent elongation of already initiated lateral root primordia.
The growth of primary and lateral roots is determined mainly by cell division in the mitotically active meristem and the differentiation and elongation of the cells that leave the meristem. To assess cell division activity within the meristems of lateral roots, we observed ProCYCB1;1:GUS expression and found that it was not considerably affected by the mode of Fe application when 50 mM Fe-EDTA was supplied ( Figure 7A ). However, under localized supply of 10 or 200 mM Fe, the activity of this cell cycle reporter was slightly reduced. To verify that Fe affects cell differentiation, meristem length was measured. Again, no marked difference was observed in the conditions tested, suggesting that neither the mode of Fe supply nor a difference in the Fe concentration affected cell differentiation ( Figure 7B ). However, the localized supply of 50 mM Fe significantly increased the length of individual rhizodermal cells (Figures 7A and 7C ). No such effect was observed for the other two Fe concentrations tested or for 50 mM of a homogeneous Fe supply ( Figure 7C ). Thus, rather than affecting the meristem activity of lateral roots, localized Fe supply promotes the elongation of lateral root cells that leave the meristem.
Localized Fe Supply Alters Auxin Distribution in Lateral Roots
Lateral root growth is coordinately regulated by environmental and hormonal signals, among which auxin takes a central role in the regulation of all stages of lateral development (Casimiro et al., 2003; Fukaki and Tasaka, 2009; Pé ret et al., 2009) . We therefore examined whether Fe availability affects auxin accumulation in lateral roots by analyzing the activity of the auxin-responsive synthetic promoter DR5 (Ulmasov et al., 1997) under a homogeneous or localized supply of Fe. Whereas DR5-GUS signals were weak at 10 or 200 mM Fe irrespective of the mode of Fe supply, the supply of 50 mM Fe only to the middle segment increased DR5-GUS activity in emerged and in elongated lateral root tips ( Figures 8A and 8B) . To identify the origin of the auxin, either leaves or primary root tips were treated with naphthylphthalamic acid (NPA), an inhibitor of polar auxin transport ( Figure 8C ). The application of NPA to leaves but not to the primary root tip reduced lateral root elongation of Fe-exposed lateral roots ( Figure 8D ). This indicated that the elevated auxin accumulation observed in Fe-treated lateral roots (Figures 8A and 8B) was mainly due to an enhanced rootward auxin transport rather than to an elevated shootward auxin transport or auxin biosynthesis in lateral root apices. Thus, locally supplied Fe favored the accumulation of auxin in lateral root tips. To determine whether this response indicated the existence of a signaling mechanism responsive to external or internal Fe concentrations, we compared DR5-green fluorescent protein (GFP) expression in wild-type (Col-0) and irt1 plants grown under a localized supply of 50 mM Fe. Relative to the wild type, DR5-GFP expression in lateral root apices of the irt1 mutant was markedly weaker in elongated lateral root tips ( Figure 9 ). Similar patterns were also observed when 200 and 600 mM Fe were locally supplied to the roots (see Supplemental Figure 8 online). Importantly, Fe application to leaves not only restored lateral root elongation in irt1 mutants ( Figure 5E ) but also restored auxin accumulation in lateral root apices to a large extent, as shown by the elevated DR5-GFP-dependent fluorescence (Figure 9 ). Altogether, these results indicated that, rather than external Fe, internal root Fe triggers the import and accumulation of shoot-derived auxin in lateral root apices.
Enhanced Elongation of Lateral Roots in Response to Local Fe Depends on AUX1
Since auxin distribution to lateral root tips depended on the mode of Fe supply (Figure 8) , we examined the response of mutants defective in auxin biosynthesis (nit1-3), transport (pin2-T; aux1-T) or sensitivity (tir1-T and axr1-3) to local Fe supply. While lateral root length was increased in pin2-T, nit1-3, and tir1-T mutants to a similar extent as in wild-type (Col-0) plants, axr1-3 and in particular aux1-T plants failed to show a significant stimulation of lateral root length under a local availability of 50 mM Fe (see Supplemental Figure 9 online). Further considering the reported involvement of the auxin influx carrier AUX1 in lateral root development (Marchant et al., 2002; De Smet et al., 2007; Laskowski et al., 2008) , we assessed its role in Fe-dependent changes in root architecture. As expected, aux1-T plants showed a reduced number of lateral roots ( Figure 10A ; Marchant et al., 2002) , irrespective of the Fe treatments imposed. In contrast with wild-type plants that underwent an 80% increase in mean lateral root length when grown under localized supply of 50 mM Fe, aux1-T plants were not able to significantly increase lateral elongation ( Figure 10B ; see Supplemental Figure 9 online). On the other hand, 200 mM Fe suppressed lateral root elongation to a similar extent in both genotypes ( Figure 10B ), indicating that the loss of AUX1 expression prevented an Fe-dependent increase in lateral root elongation in response to localized Fe. Recently, it has been shown that Fe deficiency triggers an overaccumulation of indole-3-acetic acid (IAA) and that aux1-7 mutant plants exhibit reduced ferric chelate reductase activity under low Fe (Chen et al., 2010) . When we measured ferric chelate reductase activity in aux1-T roots with a homogeneous or localized supply of 50 mM Fe, no significant difference was observed, indicating that the missing stimulation of lateral root elongation in response to local Fe in aux1-T plants was not related to a compromised Fe(III) reduction at the root surface (see Supplemental Figure 10 and Supplemental References 1 online).
To establish whether AUX1 expression is regulated by local Fe, we first measured its expression levels by means of quantitative RT-PCR. However, no significant difference in AUX1 expression levels could be detected in roots sampled from the middle agar segment of plants grown under homogeneous or localized Fe supply (data not shown). We thus monitored AUX1 expression in lateral roots by employing ProAUX1:AUX1:yellow fluorescent protein (YFP) lines. The localized supply of 50 mM Fe markedly increased AUX1-dependent fluorescence in the apex of emerged lateral roots ( Figure 10C ). In fact, quantification of AUX1-derived fluorescence confined to the lateral root apex revealed that the localized supply of 50 mM Fe to the middle segment increased the AUX1 signal intensity by >30% relative to a homogeneous supply ( Figure 10D ). In these lateral roots, AUX1-dependent fluorescence expanded basally. A localized supply of 10 or 200 mM Fe had no impact on the relative intensities of ProAUX1:AUX1:YFP-derived fluorescence compared with a homogeneous supply of the same Fe concentrations ( Figure 10D) . Remarkably, the AUX1 reporter was highly responsive to a local supply of Fe, since its increase (A) and (B) Expression of the auxin-responsive reporter DR5-GUS in emerged (A) and elongating (B) lateral roots. Fe-EDTA (10, 50, or 200 mM) was supplied either homogenously to all three agar segments or locally to the middle agar segment. Lateral roots were analyzed by light microscopy after 7 d of treatments (n > 10 seedlings). The experiments were repeated twice and representative lateral roots are shown. Bars = 100 mm. (C) Experimental setup for supplying NPA either to leaves or to the primary root tip. (D) Elongation rate of lateral roots of wild-type (Col-0) plants supplied locally with 50 mM Fe and treated with the auxin transport inhibitor NPA on leaves or on the primary root tip. Seeds were germinated on Fe-free, half-strength MS medium for 7 d. Seedlings were then transferred to segmented agar plates supplied with 50 mM Fe in the middle segment and on which the shoot or the primary root tip was placed over a fourth segment. After 7 d, 5 mM NPA was supplied either to the leaves or to the primary root tip. Lateral root length was measured every day from days 6 to 9 to determine lateral root growth rate before and after NPA treatments. Bars indicate means 6 SE; n = 6 plates with three plants each. Different letters indicate significant differences among means (P < 0.05 by Tukey's test).
was restricted to the middle, Fe-containing compartment ( Figure  10E ). Taken together, these results indicated that a localized availability of Fe stimulates lateral root elongation by increasing AUX1 expression and subsequent auxin accumulation in the lateral root apex.
DISCUSSION
Plant root development strongly depends on nutrient availability, and changes in the root system architecture are mostly characterized by a differential growth response of root organs in a nutrient-specific or even nutrient form-specific manner. The observation that localized nitrate supply mainly stimulated lateral root elongation while ammonium stimulated lateral root initiation (Remans et al., 2006; Lima et al., 2010) indicated that individual steps in root development respond to nutrients with a differential sensitivity. In the search for further nutrients that trigger lateral root responses, we observed a particular strong impact of a spatially restricted Fe availability in the root tissue on the elongation of lateral root cells. With the Fe-dependent regulation of AUX1, this study identified another link between the integration of nutrient signals and the developmental programs of root formation.
Localized Fe Supply Differentially Regulates Lateral Root Density and Lateral Root Length
The localized availability of Fe exerted a dual effect on lateral root development in Arabidopsis. First, a direct comparison of lateral root growth responses to homogeneous or localized supply of Fe in the middle segment revealed a twofold increase in average lateral root length of wild-type plants grown on a 50 mM localized Fe supply relative to plants grown on a homogeneous Fe supply, while lateral root density was much less affected ( Figures 1E and  1F ). This increase in lateral root length was caused by enhanced cell elongation rather than by stimulated cell division or differentiation (Figure 7) . However, during the early stages of development, lateral root primordia of plants exposed to 50 or 200 mM localized Fe emerged more quickly (Table 2) . This suggests that, at this developmental stage, Fe may additionally stimulate cell division and/or differentiation. In the case of localized nitrate supply, stimulated lateral root elongation was indirectly assigned to increased cell production rates in the lateral root tip, since cell length was not affected (Zhang et al., 1999) . This indicates that nitrate and Fe ultimately affect lateral root formation at different developmental stages. Secondly, high local Fe supplies evoked an inhibition of lateral root length ( Figures 1F and 4B) but not of lateral root density ( Figures 1E and 4A) . Irrespective of the mode of Fe supply, lateral root density was maximally stimulated at $25 mM Fe and did not decrease even at excessive Fe supplies (see Supplemental Figure 2 online), suggesting that Fe triggered lateral root initiation whenever a certain threshold level was reached. Such a response would be expected if Fe just fulfilled a nutritional role. By contrast, the sharply defined optimum doseresponse curve observed for lateral root length pointed to a Fe-sensitive regulatory component acting within a permissive concentration range, far below those Fe supplies that repress growth ( Figure 4B ; see Supplemental Figure 2A online). As lateral root length was also repressed by Fe supply to the root tip (see Supplemental Figure 7 online), we conclude that locally accumulated Fe in the root tissue is integrated with a Fe satiety or deficiency signal from other root parts to adjust lateral root elongation. This behavior is more indicative of a sensing response (i.e., a signaling event triggered by the nutrient apart from its metabolic function).
The Local Regulation of Lateral Root Development by Fe
To improve Fe acquisition from the rhizosphere, Arabidopsis plants induce strategy I responses consisting of enhanced proton extrusion, Fe 3+ reduction, and Fe 2+ uptake (Kim and Guerinot, 2007) . The expression of the corresponding genes, in particular IRT1 and FRO2, is subject to a local regulation, in which Fe acts as a local inducer, and a systemic control, in which a shoot-derived Fe satiety signal represses gene expression (Vert et al., 2003; Giehl et al., 2009) . Several lines of evidence from this study indicated that the impact of Fe on lateral root development is different and primarily subject to a root-endogenous rather than a shoot-dependent systemic regulation: (1) Lateral root elongation decreased at external Fe supplies of >50 mM ( Figure 1F ; see Supplemental Figure 2A online), even though the Fe nutritional status of the shoots did not change (Table 1 ; see Supplemental Figure 2C online). This observation emphasizes that the Fedependent regulation of this morphological trait differs from that of physiological root traits, which are regulated by a longdistance Fe signal from the shoot (Vert et al., 2003; Lucena et al., 2006; Enomoto et al., 2007) . (2) Under localized Fe supply, lateral root elongation in frd3-1 mutants did not differ significantly Expression of the auxin-sensitive reporter DR5-GFP in lateral roots of wild-type (Col-0) and irt1 plants in response to localized supply of 50 mM Fe and the concomitant shoot supplementation of 100 mM citrate or Fecitrate. Seven-day-old seedlings germinated on Fe-deficient medium were transferred to segmented agar plates containing 50 mM Fe-EDTA in the middle segment. Lateral roots were analyzed by confocal laser scanning microscopy after 7 d of treatments (n > 10 seedlings). The experiments were repeated twice, and representative lateral roots are shown. Bars = 100 mm.
[See online article for color version of this figure. ] (E) Relative YFP fluorescence in lateral root apices from the upper and middle segment of plants grown under homogeneous or localized supply of 50 mM Fe. Bars represent means 6 SE; n > 10 seedlings. One asterisk and two asterisks denote a significant difference according to Student's t test at P < 0.05 or P < 0.01, respectively. from that of wild-type plants, although frd3-1 shoots suffered from Fe deficiency ( Figures 6B and 6C ). Since FRD3 acts as a citrate loader into the xylem required for root-to-shoot translocation of Fe, frd3-1 plants accumulate Fe in roots while the shoot remains chlorotic (Durrett et al., 2007) , thereby causing a weaker repression of strategy I responses in roots upon Fe resupply (Rogers and Guerinot, 2002) . This was also the case in our splitroot assay ( Figure 6C ; see Supplemental Figure 4 online), corroborating that lateral root elongation was independent of a Fe deficiency signal derived from chlorotic shoots. (3) Although the application of Fe to leaves stimulated lateral root elongation, this response was mainly restricted to the upper Fe-free segments which showed increased Fe levels (see Supplemental Figure 3 online), suggesting that Fe itself was translocated downwards to the root. In addition, Fe-citrate supply to leaves did not repress the stimulation of lateral root elongation under localized supply of 50 mM Fe ( Figure 5E ). Collectively, these observations reinforce the view of a local regulation of lateral root elongation by Fe, although shoot-derived Fe can add up with externally available Fe to stimulate lateral root growth. (4) Elevated Fe supplies to irt1 plants did not restore lateral root elongation to wild-type levels ( Figure 4B ), indicating that IRT1, which is preferentially expressed in the rhizodermis of Fe-deficient plants (Vert et al., 2002) , functions as the major Fe transporter upstream of the Fe sensing event that triggers lateral root elongation. However, since the application of Fe-citrate to irt1 shoots restored chlorophyll levels and lateral root elongation to wild-type levels ( Figure 5 ), IRT1 is only an essential upstream component in eliciting this morphological response whenever the Fe demand of the root tissue is met by the uptake of external Fe.
AUX1-Mediated Auxin Accumulation Is Required for Fe-Dependent Lateral Root Elongation
Auxin is the central player in lateral root initiation and elongation (reviewed in Fukaki et al., 2007; Pé ret et al., 2009) , and the following findings show how auxin signaling might be affected by nutrient supply at different developmental stages. Lateral root proliferation under P deficiency increases auxin sensitivity in pericycle cells by enhancing the expression of the auxin receptor TIR1 and degrading IAA/AUX repressors to trigger auxin signaling (Pé rez-Torres et al., 2008) . In the case of lateral root elongation under localized nitrate supply, a nitrate-dependent repression of the nitrate transporter NRT1.1 proceeds apical auxin accumulation in the lateral root apex and is a prerequisite for lateral root elongation (Krouk et al., 2010) . Since DR5 promoter activity was elevated under localized Fe supply ( Figures 8A and 8B ) but not at nonpermissive external Fe concentrations or in the irt1 mutant defective in Fe uptake and Fe-mediated lateral root elongation ( Figures 8B and 9 ), Fe-mediated lateral root elongation also appears to rely on auxin accumulation or sensitivity in the lateral root apex. Considering that the shoot supply of Fe-citrate can restore DR5-GFP expression in lateral roots of irt1 (Figure 9 ) and circumvent the requirement for IRT1 in lateral root elongation ( Figure 5 ), it is likely that symplastic Fe accounts for the auxin accumulation in lateral root tips.
Screening of auxin-related mutants for Fe-responsive lateral root elongation pointed to the auxin importer AUX1 as a candidate for integrating the local Fe nutritional status in auxin signaling (see Supplemental Figure 9 online). AUX1 has been implicated in both the shootward and rootward routes of auxin transport (Swarup et al., 2005; De Smet et al., 2007; Laskowski et al., 2008) . Together with PIN2, AUX1 forms the basic machinery for shootward auxin transport ). Since aux1-T but not pin2-T mutants failed to elongate lateral roots in response to localized Fe (see Supplemental Figure 9 online), it is likely that rootward rather than shootward auxin transport into lateral roots represents the sensitive checkpoint for this Fe-dependent morphological response. In support of this hypothesis, the aux1-T mutant failed to increase lateral root length at a permissive concentration of local Fe supply ( Figures 10A and 10B) . Furthermore, only localized but not homogeneous Fe supply increased ProAUX1:AUX1:YFP expression levels in the lateral root meristems ( Figures 10C and 10D) . The increased AUX1 accumulation is likely to divert more auxin originating from the rootward auxin stream into Fe-exposed lateral roots ( Figure 8D ), which is supported by previous observations of low auxin reporter activities in lateral roots of aux1 mutants (Sabatini et al., 1999; Bao et al., 2007; De Smet et al., 2007) . Importantly, under localized Fe supply, the increased ProAUX1:AUX1:YFP expression was restricted to lateral roots exposed to Fe but low in lateral root apices grown on Fe-free medium ( Figure 10E ). Presuming an elevated proton-ATPase activity in the Fe-containing patch along with the induction of IRT1 (see Supplemental Figure 6 online), a lower apoplastic pH may additionally stimulate H + /IAA transport by AUX1. Since AUX1 expression itself is induced by auxin (Laskowski et al., 2006 (Laskowski et al., , 2008 Lewis et al., 2011) , it is likely that by facilitating auxin influx into Fe-treated lateral roots, AUX1 starts a positive feedback loop, in which increased auxin accumulation further induces additional AUX1 accumulation. Auxin regulates both lateral root initiation and elongation, but evidence is increasing that lateral root initiation primarily depends on the shootward auxin flow (Casimiro et al., 2001; De Smet et al., 2007) , whereas lateral root emergence and elongation are regulated by the rootward auxin stream (Casimiro et al., 2001; Swarup et al., 2008) . It is unclear at which level auxin affects cell elongation. One possibility is that shootward auxin transport ends up in the elongation zone, where it contributes to the auxindependent inhibition of cell elongation (Swarup et al., 2005) . Interestingly, the loss of MDR1/PGP19/ABCB19, a multidrug resistance-like ABC transporter, leads to a significant reduction of rootward auxin transport within lateral roots and to decreased DR5-GUS activity, specifically in the apices of lateral roots Wu et al., 2007) . As a consequence, mdr1 mutants show impaired emergence and slower elongation of lateral roots. By contrast, the loss of MDR4/PGP4/ABCD4, which participates in the shootward transport of auxin , had no effect on lateral root development , further emphasizing the importance of rootward auxin transport for lateral root elongation and development. Irrespective of whether shootward or rootward auxin streams have caused the observed Fe-triggered lateral root responses ( Figure 1E ), the induction of AUX1 under local Fe ( Figures 10C and 10D ) highlights the importance of AUX1 in lateral root elongation in response to environmental cues.
Based on our results, we propose a model for the Fe-dependent regulation of lateral root elongation under heterogeneous Fe availability (Figure 11 ). Root uptake of localized Fe is mainly mediated by the Fe 2+ transporter IRT1 and builds up a symplastic Fe pool. This symplastic Fe pool can be replenished by Fe derived from the shoot or from the uptake by other root parts and establishes a local gradient in tissue Fe concentrations toward Fe-deficient root tissues. AUX1 expression increases in response to the local symplastic Fe pool, and this response probably integrates a Fe deficiency signal from other root parts. AUX1 facilitates auxin transport and accumulation, which further stimulates AUX1 expression and the emergence of initiated lateral root primordia as well as the elongation of emerged lateral roots, the latter being mainly the result of enhanced elongation of differentiated cells. Taken together, our findings provide an example of how the patchy availability of an essential microelement interferes with hormonal signaling to reprogram lateral root development for a more efficient acquisition of this microelement from the growth substrate.
METHODS
Plant Material and Growth Conditions
The wild-type (Arabidopsis thaliana) ecotypes used in this study were Col-0 and Col-glabrous1 (Col-gl). The following and previously described mutants and transgenic lines (in Col-0 background) were used: aux1-T (SALK_020355C; Fischer et al., 2006) , tir1-T (SALK_151603C; Men et al., 2008) , pin2-T (SALK_122916C), irt1-1 (Col-0 background; Varotto et al., 2002) , fit-3 (Jakoby et al., 2004) , 35S-FIT (Jakoby et al., 2004) , Pro-CYCB1;1:GUS (Ferreira et al., 1994) , DR5-GUS (Ulmasov et al., 1997) , DR5-GFP (Friml et al., 2003) , ProAUX1:AUX1:YFP (Swarup et al., 2004) , axr1-3 (Lincoln et al., 1990) , and nit1-3 (Normanly et al., 1997) . The frd3-1 mutant was in the Col-gl background (Rogers and Guerinot, 2002) . Seeds were surface sterilized in 70% (v/v) ethanol and 0.05% (v/v) Triton X-100. The seeds were planted on sterile plates containing half-strength MS medium (Murashige and Skoog, 1962) without Fe, supplemented with 0.5% Suc, 2.5 mM MES, pH 5.6, and 1% (w/v) Difco agar (Becton Dickinson). The 7-d-old seedlings were transferred to SAPs containing agar medium as described above and Fe(III)-EDTA at the indicated concentrations. Before agar segments were separated, the medium was supplemented with 75 mM ferrozine [3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine sulfonate] (Serva) to render traces of Fe contaminants in the agar unavailable (Jain et al., 2009) , ensuring a high reproducibility in consecutive experiments. Thus, all root responses recorded here were in fact initiated by lower Fe concentrations than those supplied to the medium. Three seedlings per plate were transferred to segmented plates with 3 mm of the primary root apex touching the top of the middle segment, oriented in a vertical position and cultured under a 228C/198C and 10/14-h light/dark regime at a light intensity of 120 mmol photons m 22 s 21 . To inhibit polar auxin transport, NPA was dissolved in DMSO and supplied to the fourth agar segment, where either the leaves or the primary root tip was placed ( Figure 8C ). The final concentration of NPA was 5 mM. In control plates, only DMSO was supplied to leaves or primary root tips at a final concentration of 0.1% (v/v).
Root Growth Measurements
After 15 d of incubation on SAPs, root systems were scanned by an Epson Expression 10000XL scanner at a resolution of 300 dpi. Root growth measurements were taken from scanned images using WhinRHIZO version Pro2007d software (Regents Instruments Canada). Lateral root primordia were counted using conventional light microscopy (Olympus BH). Since high homogenous Fe supplies resulted in a slight reduction in primary root length ( Figure 1A ), lateral root numbers were expressed as lateral root density (Dubrovsky et al., 2009) . Developmental stages of lateral root initials were classified according to Malamy and Benfey (1997) . All the experiments were performed at least twice and yielded similar results.
Histochemical Analysis
Seven-day-old Arabidopsis ProCYCB1;1: GUS (cycb1:uiad; Ferreira et al., 1994) or DR5-GUS (Ulmasov et al., 1997) lines were germinated in halfstrength MS Fe-free media and transferred to separated agar plates with the primary root apex touching the middle segment. Just before the primary root left the middle segment (3 d of treatments) and after growth resulted in contact with the third segment (6 d of treatments), root systems from the middle segment were excised and stained for GUS activity. For the staining, root samples were incubated overnight at 378C in a GUS reaction buffer containing 0.4 mg mL 21 of 5-bromo-4-chloro-3-indolyl-b-D-glucuronide, 50 mM sodium phosphate, pH 7.2, and 0.5 mM ferrocyanide. After 12 h, the roots were cleared and mounted as described by Malamy and Benfey (1997) . For each treatment, 30 to 40 roots were analyzed. Before plants were transferred to treatments, a GUS staining analysis of roots growing in the upper segment revealed that 1.0 6 0.01 lateral roots were at the preemerged stage and 1.43 6 0.53 had already emerged.
Lateral root meristem and epidermal cell lengths were measured on micrographs of lateral roots from at least 14 seedlings taken by a Zeiss microscope (Axiovert 200M) equipped with an AxioCam HR camera. Meristem length was assessed as the distance between the quiescent center and the first elongating cell and was measured with AxioVision40 version 4.8.1.0 software (Zeiss). The same software was also used to determine the length of epidermal cells. YFP and GFP images were obtained with an LSM 510 META confocal microscope (Zeiss). Excitation light produced by an argon laser was adjusted to 488 nm and emission filters of 510 to 525 nm and 505 to 530 nm allowed the detection of GFP and YFP fluorescence signals, respectively. Image superimposition and fluorescence quantification were made by means of the Zeiss LSM 510 software version 3.0. The same microscope settings were used to record all of the confocal sections across samples.
Mineral Element and Chlorophyll Analysis
Shoots of agar-grown plants were briefly rinsed with double-distilled water and dried at 808C. Samples consisting of ;20 shoots were digested with HNO 3 in polytetrafluoroethylene vials in a pressurized microwave digestion system (UltraCLAVE IV; MLS GmbH). Elemental analysis was performed by inductively coupled plasma mass spectrometry (ELAN 6000; Perkin-Elmer Sciex). The certified reference material Standard Reference Material 1575a (pine needles; National Institute of Standards and Technology) was used for quality control, and the recovery rate was >95%. Chlorophyll concentrations were determined by incubating shoot samples with spectrophotometric grade N,N'-dimethyl formamide (Sigma-Aldrich) at 48C for 48 h. The absorbance at 647 and 664 nm was then measured in extracts according to Porra et al. (1989) .
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: At5g20730 (ARF7), At1g19220 (ARF19), At2g38120 (AUX1), At2g28160 (FIT), At3g08040 (FRD3), and At4g19690 (IRT1).
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